Abstract The slow inward current (is) in the rabbit sinoatrial node cell was studied by the conventional two-microelectrode voltage clamp technique. When is was measured as the difference between two records obtained before and after blocking is with D 600, the fully activated current (is)-voltage relation was non-linear; the conductance decreased in the negative potential range resulting in an almost constant amplitude of is negative to -10 mV. The degree of steady-state activation was about 1 at -5 mV and 0 at -65 mV. The recovery time course of is during repolarization was measured by varying the interval between two sequential depolarizing pulses with various holding potentials. The time constant of the exponential recovery time course was about 120 msec at -40 mV and decreased to about 40 msec at -70 mV. The steadystate conductance of is, calculated from the activation and inactivation curves, produced a large hump in the steady-state current voltage relation between -60 and -20 mV, which was not observed in the experiment. When the above kinetics were incorporated, the S-A node model failed to discharge the spontaneous activity. The activation and inactivation curves which can simulate the experimental I-V curve and the action potential were proposed.
It is well established that the pacemaker depolarization in the cardiac Purkinje fiber is generated by the time-dependent change of "iK2 current" (NOBLE and TSIEN, 1968) , irrespective of the ionic nature of iK2 current (DIFRANCESCO, 1980) . On the other hand, in the sinoatrial (S-A) node it is likely that the pacemaker potential is generated by a gradual increase in the conductance of the slow inward current (is), and the deactivation of the potassium current (iK) plays a minor role. This view was indirectly suggested from the following two pieces of evidence. First, the positive chronotropic effect of epinephrine on the S-A node cell could only be explained by assuming the contribution of is to the pacemaker potential (NoMA et al., 1980a) . Second, the spontaneous action potential was resumed by apply-A. NOMA, H. KOTAKE, S. KOKUBUN, and H. IRISAWA ing a constant outward current to the quiescent preparation which was depolarized by depressing ig with Ba ion . In the study using the H-H type model of the S-A node activity , this increase of is during diastole was attributed to a gradual increase of the inactivation variable, f, and an almost constant value of the activation variable, d. The amplitude of the fully activated is (is) was assumed to be nearly constant over the pacemaker potential range. However, the rectifying property of is was demonstrated only in the frog atrium (DE HEMPTINNE, 1978) . In the S-A node, experimental evidence for these three parameters of is are insufficient because of certain limitations of the conventional voltage clamp technique (NOMA and IRISAWA, 1976) . The difficulty in the experiment may be compensated for by taking into account the current-voltage relationship and the configuration of the action potential when determining the kinetics.
In the present study, is was measured using the conventional voltage clamp protocol. Thereafter, based on these measurements the plausible kinetics of is were determined by reconstructing the I-V relation and the S-A node activity.
MATERIALS AND METHODS
The S-A nodes were isolated from rabbits weighing 1.5-2.0 kg which were killed by a blow to the neck. The small specimens (0.2-0.3 mm in diameter) for the two-microelectrode voltage clamp technique were prepared in the same way as has already been reported (NoMA and IRISAWA, 1976) . The recording chamber, the superfusion system, and the recording apparatus were the same as used elsewhere (NoMA et al., 1980a) . The experimental data were recorded on the magnetic tape (TEAC, R-210) for computer analysis (NICOLET, MED-80). All experimental records were plotted on an X-Y recorder from the memory block of the computer.
The composition of the control Tyrode solution was in mm; NaC1 137.0, KCl 2.7, CaCl2 1.8, MgCl2 1.0, NaH2PO4 0.6, and its pH was adjusted to 7.4 by adding Na2HPO4. D 600 was used to suppress is and it was added to the control Tyrode at a concentration of 10-7 g/ml in several experiments. Tetrodotoxin was also used at a concentration of 10-7 g/ml to block the sodium current, iNa.
Reconstruction of the I-V relation and the action potential was carried out based on the same principle and apparatus as used in a previous study (YANAGI:HARA et al., 1980) .
RESULTS
The amplitude of the fully activated is
The limiting conductance of a current system is measured by recording the tail current generated on clamping to various levels after activating the component by a Initial spikes in trace 3 at the onset of the step to +30 or to -70 mV may be artifacts due to slight differences in the large capacitive current. All records were obtained with continuous voltage clamp. constant conditioning pulse (HODGKIN and HUXLEY, 1952; for is, REUTER and SCHOLZ, 1977) . Such an experiment for is is shown in Fig. 1 , where the first depolarizing step to 0 mV was interrupted at near the peak amplitude of is (15 msec after the onset) by the second step to +30 mV ( Fig. 1-A) or to -70 mV (1-B) and resulting current change was recorded. The apparent tail current recorded with the present voltage clamp technique, however, did not reflect the time course of is. In fact, the inward deflection on the voltage step to -70 mV was not abolished and only became smaller after blocking is by superfusing D 600 for more than 15 min ( Fig. 1, trace 2 ). Under the assumption that D 600 selectively blocks is, we measured is tail as the difference between two traces obtained before and after D 600 ( Fig. 1, trace 3) . The decay time course of is tail was then fitted with the exponential curve, and the amplitudes at t=0 of this fitted curve was plotted at various membrane potentials. In all experiments, the amplitude of the tail was almost constant over the negative potential range, indicating a rectification of is channel .
As an alternative explanation of this unexpectedly small amplitude of the i s tail, a possible clamp failure at the beginning of the hyperpolarizing pulse might be considered. If the membrane potentials at sites distant from the voltage sensing electrode were less negative than the command pulse, the driving force should be smaller than the expected value from the command potential . The large inward tail current even after D 600 application ( Fig. 1-B However, our previous direct measurements of the spatial homogeneity of voltage (NoMA and IRISAWA, 1976 ; NOMA et al., 1980 b) indicated that the deviation subsided within 10 msec after the onset of the clamp pulse. Moreover, nonlinearity of the is-voltage relationship was observed even with small voltage steps (Fig. 2) . Therefore, we may reasonably conclude the rectifying property of is in the S-A node cell. This finding is qualitatively in agreement with the previous findings on is in the frog auricle (DE HEMPTINNE, 1978) .
Steady state degree of activation of is
In the later phase of the diastolic depolarization, the pacemaker depolarization smoothly changes into the upstroke of the action potential, indicating a gradual activation of is. In order to estimate how early during diastole is contributes to the diastolic depolarization, it is necessary to measure the steady-state degree of activation of is. This parameter of is was measured by recording is generated by various depolarizing test pulses after holding the potential to -70 mV for 500 msec. When the membrane was depolarized from -70 my in 5 mV steps, measurable is was first recorded at -60 mV in 2 experiments and at -55 mV in 3 experiments. is was obtained by extrapolating the single exponential time course of the delayed current to the onset of the pulse (Fig. 3-A) and then by subtracting this fitted curve from the recorded current (Fig. 3-B) . The amplitude of is gradually increased with increasing depolarization up to -10 my (Fig. 3-B , left panel) and further depolarization decreased is (right panel). The degree of activation of is, d, can be measured by fitting an exponential to the inactivation time course and extrapolating to t=0, where the amplitude of is is given by (NOMA et al., 1980a) , (1) The subscript tp and hp indicate the membrane potentials during the test pulse and Smooth curves are fitted exponentials to the delayed currents.
The difference between the current records and the exponential curve are shown in B on the fast time base.
These current records from top to bottom on the left were obtained in a 10 mV step from -60 to 0 my, on the right from +50 to +10 mV.
The vertical scale is the same as in A.
the holding potential. Since the value off( -70 mV) is nearly 1, d(tp)=is(t=0)/ is. In Fig. 4 , is(t=0) at various membrane potentials were plotted from 3 experiments and the fully activated I-V relations having a similar rectification as shown in Fig. 2 were fitted to these relations over the positive potential range. When the values of d in Fig. 4 -B were calculated, the steady degree of activation of is is nearly 0 at -65 mV and 1 at about -5 mV in the S-A node.
Recovery time constant of is over the pacemaker potential range
The is is largely inactivated during the action potential and the inactivation is removed during the following repolarization. Thus, in order to estimate the availability of is during the pacemaker potential range, it is necessary to measure the recovery time constant of is. In Fig. 5 , two sequential pulses to -10 mV were applied with different intervals. The membrane potentials during the interval were -30 mV (Fig. 5A-1) , -40 mV (5A-2), -50 my (5A-3), and -60 mV (5A-4). The amplitude of is was measured as the difference between the recorded current and the exponential time course of the outward current in a similar way as shown in Fig. 3 . The recovery of is took place in an exponential manner, and its time constant was shorter with more negative potentials. Reconstruction of the I-V relation and action potential For the estimation of the activation and inactivation variables, the steady state I-V curve also gives important information and is much more reliable than the measurement of the transient inward current recorded in the membrane potential range with negative slope conductance (JACK et al., 1975) . is contributes to the steady net current in proportion to the degree of overlap between the activation and inactivation curves. In the S-A node, measurements on iK (NOMA and IRISAWA, 1976; DIFRANCESCO et al., 1979) , and on ih as well as on inactivation parameter of is (NoMA et al., 1980a) are available. Using these kinetics in addition to the measurements in the present study, the steady state I-V curve was reconstructed. The steady-state activation curve obtained by fitting the average value of the experimental data (Fig. 4) are shown in Fig. 6 -A. These d-andf-curves crossed at 0.59 at -33 mV. These relations are quite similar to the previous findings in the ventricular muscle, where d-and f-curves crossed at 0.55 (-22.5 mV) in the single ventricular cell (ISENBERG and KLOCKNER, 1980) , and at 0.56 (-21.7 mV) (REUTER and SCHOLZ, 1977) and 0.5 (-25 mV) in the papillary muscle (NAWRATH et al., 1977) . Figure 6A shows the reconstructed steady-state amplitude of is and the total current which shows a large inward hump with a peak at about -50 mV. However, the experimental I-V curve (see for example, Fig. 8 in NOMA and IRISAWA, 1976) does not show such an inward hump in the steady state. This obvious discrepancy might have resulted if we had neglected an unknown current system which has an outward hump in the same potential range counterbalancing the inward hump of is. However, such an outward hump has never been observed on measuring the I-V curve after blocking is (ISENBERG and KLOCKNER, 1980 ; NAWRATH et al., 1977) . Whereas, the experimental I-V curve A B Fig. 6 . Reconstructed current voltage relation in the steady state (lower panel) and the activation (d) and inactivation (f) curves for is (upper panel). In A, f and d curves were determined by fitting the experimental data. The large steady-state conductance of is (thick curve) caused an inward hump in the steady-state I-V curve (thin curve). In B, the d-curve was modified so as to reduce the degree of overlap with the f-curve until the steady state I-V curve became similar to that obtained in the experiment (lower panel could be simulated when the d-curve was modified to decrease the degree of overlap with the f-curve (Fig. 6-B) .
With the modified kinetics, the pacemaker activity of the S-A node was also well simulated, as shown in Fig. 7 . It is evident that the time-dependent conductance change generating the pacemaker depolarization is caused by both is and iK channels as was suggested by .
DISCUSSION
The steady state d-and f-curves of the slow inward current have been exten- sively studied in ventricular muscle (BASSINGTHWAIGHTE and REUTER, 1972; REUTER 1973; TRAUTWEIN et al., 1975; REUTER and SCHOLZ, 1977; NAWRATH et al., 1977) . 
